Quorum sensing gene regulation
Challenged by the ever-changing world in which they reside, bacterial cells have evolved a variety of means by which their behavior is modified based on their biotic and abiotic environment. Often this simply involves responding to direct environmental cues. Such a direct response is typified by the classic example of the lac operon of Escherichia coli, wherein the availability of lactose in the environment (monitored as cytoplasmic levels of the isomer allolactose) leads to repressor inactivation and thereby induction of genes involved in the catabolism of lactose [1] . However, bacteria also employ more sophisticated mechanisms of genetic regulation, sometimes modifying their behavior based on cues that only indirectly convey information about the local environment. Bacterial quorum sensing (QS) is the phenomenon by which a bacterium regulates its gene expression in response to the concentration of indirect, diffusible cues produced and released into the local environment by itself or other bacteria, either of the same or different species [2] [3] [4] . The diffusible compounds employed in QS regulation have often been referred to as signal molecules. However, the term 'signal' has a very important meaning in evolutionary biology, indicating chemical compounds produced explicitly to invoke a response from other organisms to coordinate activities between the signal producer and the responder (e.g. Ref. [5] ). This might not apply to all cases of QS regulation, and for the present discussion we have elected to describe these chemical compounds less restrictively as QS cues.
The QS process was historically known as autoinduction (genetic induction in response to self-produced cues) or less frequently as alloinduction (response to cues produced by other bacterial species) [6] [7] [8] [9] . More recently the term 'quorum sensing' was proposed in order to embody the concept that bacteria can utilize this mechanism to respond to bacterial population density [2] . Over the years since its introduction the usage of the term 'quorum sensing' has evolved to become a general descriptor of the process of cue production and response at the level of gene expression, and is now broadly used with limited regard for the ecological context of the behavior. For consistency and ease of comparison with this large body of prior research, we will utilize the term QS here in its broadest sense, and inclusive to most of these prior studies.
A wide array of bacterial phenotypes are regulated by QS across many bacterial species -including antibiotic resistance, plasmid conjugation, mutualistic associations, pathogenesis-related functions, and motility [3] . QS mechanisms are diverse, but two of the most common forms rely on acylhomoserine lactones (AHLs) and oligopeptides, in Gram-negative and Gram-positive bacteria, respectively (Box 1). A third intensively studied form is found in both Gram-negative and Gram-positive bacteria and employs a family of related molecules broadly termed autoinducer-2 (AI-2) (Box 1). The control of QS target functions depends on accumulation of the cue to concentrations at which cells can perceive and respond to it. Many biotic and abiotic factors can influence the chemical gradients of these molecules (Ref. [10] for comprehensive recent review). These factors include the spatial distribution of cells producing the cue, the rates at which the cue is produced and diffuses, and the stability of the cue itself. It is plausible that bacteria could be using QS cues as indirect proxies for any of the factors influencing the concentration and biological perception of these cues (Figure 1 ). This has led several researchers to introduce new terms, including diffusion sensing, confinement-induced QS, and efficiency sensing, to describe these genetic and biochemical processes (Table 1 ). These new names emphasize different hypothesized adaptive functions for QS regulation related to a specific subset of factors influencing cue concentrations. Here we discuss the importance of recognizing that the adaptive function of QS is likely to vary from system to system depending on the ecological and evolutionary context of the organism, and the regulated trait. However, we argue that using a different term for each possible adaptive function does more to confuse our understanding of the QS process than it does to clarify it. Instead, we argue that QS regulation is best viewed broadly with full appreciation of the many environmental factors that influence it and thereby determine its ecological and adaptive significance.
The adaptive significance of QS The name 'quorum sensing' highlights the idea that high local bacterial population densities are likely to be associated with elevated concentrations of the cue molecule and thus the expression of QS-regulated functions. This, together with the observation that the target functions of many QS systems require the action of multiple cells, suggests that certain bacteria might be using QS systems to coordinate their behavior according to a minimum local population density, that is to say the presence of a 'quorum' of cells. This analogy to a quorum has often proved useful because local population density frequently features prominently in QS regulated functions. Indeed, many QSregulated phenotypes require groups of cells to function. These include the multicellular swarming motility of several bacterial species [11] and the mutualistic bioluminescence of Vibrio fisheri [12] .
However, the name 'quorum sensing' also has shortcomings. The emphasis of the term on the importance of local population density leads to oversimplification and neglect of other factors that can influence the concentration of the cues that cells produce and perceive. Factors influencing the chemical gradients of QS cues, such as local flow and diffusion rates, can also determine their accumulation and concentration and thereby the expression of QSregulated phenotypes. Accordingly, the framework in which researchers examine QS ideally should account for a range of potential influences from a variety of environmental factors.
Several recent papers examine the importance of diffusion rates to QS -thereby highlighting some of its physical and chemical complexities, and the difficulties generated by an overly-simplified view of the process [13] [14] [15] [16] [17] . An insightful review from Redfield [18] pointed out that bacteria might be employing cues to monitor diffusion, and proposed the term 'diffusion sensing'. For most systems it is challenging and arguably impossible to completely separate the influence of diffusion and local population density on the process of QS. Any given environment has intrinsic levels of diffusion, and these levels are likely to vary temporally to a lesser or greater extent. In turn these levels will impact upon residence time and the accumulation of diffusible cues. The relevant question is whether the bacteria are employing cues primarily to monitor the diffusion state of their environment or instead to monitor bacterial population density? It would seem likely that bacteria which inhabit a niche with highly variable diffusion rates (e.g. biofilm communities on a rock in a tide pool) might greatly benefit from timing the release of exoenzymes and other externalized factors to occasions when the flow and diffusion are limited, and thus the benefits will remain proximal to the producing cells. Conversely, bacteria which inhabit a niche within a diffusively static environment might utilize cue accumulation to respond to other factors, including but not restricted to local population density.
Bacteria might similarly benefit by cueing into other fluctuations in the environment. Short-chain AHLs cues are less stable at alkaline pH, such that microbial mat communities that reside in environments with variable pH could be able to cue into these fluctuations and coordinate some behaviors to the appropriate environmental pH. In these mat communities the pH fluctuations exhibit a daily cycle due to photosynthetic activity, and thus the process has been termed 'diel sensing' [19] [20] (Figure 1d ).
In actuality, most bacteria simultaneously experience multiple environmental factors influencing QS regulation. In certain cases it might be very difficult to identify clearly the predominant adaptive significance of QS regulation in its natural ecological context. The well-studied mutualistic bioluminescence and colonization of marine animals by V. fischeri provides an illustrative example. The transition of V. fischeri cells from a free-living state in the water column, to mutualistic residence inside the light organ of squid partners, is associated with the QS-regulated bioluminescence [12] and repression of motility [21] . The light-organ environment is more diffusively constrained than the open ocean, but the host animal also supports the accumulation of high population densities and eventual induction of bioluminescence, such that both diffusion and population density simultaneously influence the QS process.
Box 1. Common mechanisms of QS
The mechanisms of QS are varied but generally involve the production and detection of one or several molecules that, at sufficiently high concentrations, influence the expression of target functions. Diverse QS cues have now been identified. Acylated homoserine lactones (AHLs) are common QS cues in Gram-negative bacteria. These molecules are typically synthesized by LuxI-type AHL synthases from acyl-acyl carrier proteins and S-adenosylmethionine [38] . In the most common examples, AHLs cross cell membranes via passive diffusion, although in some cases they are assisted by efflux systems. Above a threshold intracellular concentration AHLs bind a LuxR family transcriptional regulator and, once associated with the AHL signal, this can bind to DNA and promote the expression of downstream target genes. A subset of LuxR-type proteins bind to DNA in the absence of AHLs and are deactivated by AHLs.
In contrast to the AHL-based systems, the QS signals of Grampositive bacteria are typically small peptides that are often posttranslationally processed and exported out of the cell. When these signal peptides are sufficiently concentrated they either bind to a membrane-bound histidine sensor kinase that triggers a twocomponent phosphorylation cascade, or are transported into the cell where they can act directly on the response pathway that ultimately influences transcription of target genes.
A third type of QS system has been attributed to both Gramnegative and Gram-positive bacteria. The QS cues of these systems are derived from 4,5-dihydroxy-2,3-pentanedione and were originally described for the regulation of Vibrio harveyi bioluminescence [39] , and are broadly termed autoinducer-2 (AI-2). LuxS catalyzes the production of AI-2 from S-ribosylhomocysteine (SRH) as a sidereaction of homocysteine synthesis. LuxS mediated conversion of SRH into homocysteine, rather than AI-2, is an important step within the activated methyl cycle [30, 40] . The observation that luxS is very broadly distributed among bacteria was initially interpreted to suggest that AI-2 QS was also widespread and could facilitate interspecies interactions. However, the important metabolic role of LuxS in the activated methyl cycle offers an alternative explanation for the broad distribution of luxS. Indeed, how often LuxS, and by extension AI-2, function in QS remains an open question for future research [31] [32] [33] [34] [35] 40] .
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Trends in Microbiology Vol.18 No. 9 Dulla and Lindow [22] found that, in Pseudomonas syringae, QS induction of traits associated with virulence and the epiphytic environment was more common and required fewer cells on plant leaves with limited water availability. Limited hydration creates greater barriers to diffusion than in wet environments wherein signals could more readily diffuse away from the producing cells. In this case the process remains responsive to population density, but the activating density varies substantially depending on the level of hydration. It seems unlikely that these bacteria respond exclusively to their population density, the saturation level, or the diffusion environment, but instead to a combination of all of these, and perhaps to other factors encountered in its natural environment. Two revealing recent studies cleverly trap and monitor the QS induction of small numbers of cells, demonstrating that in a very confined space even a single cell can constitute a quorum; they describe this as confinement-induced QS [13, 17] . The observation that quorum sizes can be very small -even as small as one cell -deftly illustrates the limitations imposed by over-simplistic interpretation of the name 'quorum sensing' as synonymous with high population density [13, [22] [23] .
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A remarkable recent study revealed that Rhodopseudomonas palustris regulates multiple attributes by a QS mechanism involving LuxR-and LuxI-type proteins (RpaR and RpaI) but, instead of employing an AHL, R. palustris produces a para-coumaroyl homoserine lactone (pC-HSL) [24] . Synthesis of pC-HSL requires the presence of coumaric acid from the environment, a metabolite often released by plants into the soil, and this is directly incorporated into the QS cue. In the absence of coumaric acid R. palustris does not synthesize the QS cue, thereby precluding QS induction. Is this QS, or might it be described it as 'precursor sensing'? Although coumaric acid is a prerequisite for pC-HSL synthesis, monitoring coumaric acid levels is unlikely to be the primary role for release of the pC-HSL cue.
QS and bacterial social behavior
The importance of microbial interactions to the behavior, ecology, evolution, and molecular genetics of bacterial populations has brought these topics to the forefront of microbiology, and has revealed that bacterial populations can be remarkably social. Whereas bacteria have traditionally been thought of as simple, single-celled organisms, we now know that bacterial populations and communities commonly exhibit complex behaviors such as intra-and interspecific communication, kin discrimination, and cooperation [25] .
QS is often discussed in terms of representing examples of bacterial communication, signaling, and cooperation. In many cases, QS regulates phenotypes that appear to involve the coordinated action of many cells with group benefits such as bioluminescence, swarming motility, and virulence functions. Yet in general there have been few studies examining the individual and group fitness consequences of QS regulated phenotypes. A notable exception to this is the QS of Pseudomonas aeruginosa, for which there is empirical evidence that QS mediates cooperative functions that are vulnerable to cheating [26] [27] [28] [29] . However, QS and its regulated target functions might or might not always be social -that is, dependent on interactions between individuals. The potential for these molecules to mediate signaling, communication, and cooperation among bacterial cells does not necessarily indicate that they actually function in this capacity. Indeed, simply determining whether or not an extracellular cue even functions in QS processes can be difficult. This is well illustrated by the case of AI-2 QS where this cue's role in QS remains somewhat controversial. LuxS, the AI-2 synthase, has an important role in the activated methyl cycle, therefore complicating interpretations of deficiencies in the LuxS pathway with respect to the role of AI-2 as a QS cue (Box 1) [30] [31] [32] [33] [34] [35] .
Moreover, not all QS cues are signals involved in communication between individuals [5] . For example, several QS systems might regulate the expression of target functions according to the concentration of QS cues as a proxy for the enclosure of the bacterial cell in a eukaryotic endosome [17, 23] . In this case, communication and signaling between bacterial cells could be completely irrelevant to the adaptive function of QS regulation. Even in a closed system such as the endosome, however, there could remain opportunities for cooperation among cells that are enclosed together. Yet, the production of a cue is not in itself a demonstration of social behavior. Establishing that a trait is cooperative requires identifying a costly action that benefits a group [36] . Thus, future research into the fitness costs and benefits associated with QS behaviors is necessary to evaluate whether or not QS involves social interactions and phenotypes.
Conclusions and future directions
The identification and consideration of the environmental conditions and processes that can impact QS cue production, concentration, perception and gene expression response are worthwhile and interesting endeavors. We argue, however, that the introduction of a new term each time a different factor is found to influence the signaling process is more likely to introduce semantic discordance rather than to improve understanding. It would seem that, irrespective of the encapsulating term used to describe these processes -QS or diffusion sensing or diel sensing or the others -that researchers are best served by viewing these processes broadly, recognizing the many different levels and the diverse situations that influence all aspects of QS.
The widespread use of the term 'quorum sensing' in published work should not be so strictly interpreted as to suggest that the sole adaptive significance for all these systems is to cue into the presence of a quorum (i.e. the local density of cells). Indeed QS molecules might also provide information as indirect cues for several possible environmental factors that influence their accumulation and perception ( Figure 1 ). As has been pointed out previously [37] , autoinduction and alloinduction are arguably the most functionally neutral terms that one might apply to these processes. At this juncture, however, with wide recognition and frequent over-generalization of the term quorum sensing, it would seem prudent to promote a fully nuanced view of the QS process, including the many different environmental factors by which it could be influenced. Characterizing the adaptive function of QS regulation of gene expression requires assessing its evolutionary and ecological context, and this can vary significantly depending on the bacterial species and target phenotype. Pursuing these issues for specific bacterial systems remains a challenge for future research. Ultimately the value of a name such as quorum sensing might be more in what it has evolved to represent, rather than in its literal interpretation.
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